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ere were no 
During percutaneous tra~sl~rni~a~ coronary angioplasty. ex- 
pansion of the balloon across a lesion may result in tearing. 
splitting or compression of plaque, stretching of the unin- 
volved free wall oft e coronary artery segment or localized 
dissection of the corc9nary artery scgnernt (l-5). Ah 
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animal models, postmorte studies and autopsy findings 
soon after angioplasty hav rovided information about the 
mechanisms of angioplasty, there are few in vivo data 
concerning the mechanisms of lesion dilation. It is well 
known that during angi 
loon. In addition, it is common t 
balloon size for a given artery, 
fuully expanded balloon is 
artery at the site of the lesio 
recoil in the artery after the procedure. 
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Figure 1. Upper images, Pre- (A) and post- ( ) angWW an&- 
grams of the left circumflex artery with a type I1 eccentric lesiola. 
Eower images, Balloon inflations at 2, 3, 4 and 6 atm (A to D, 
respectively) with location of videodensitometric measurements 
during balloon inflation. 
To better understand the mechanisms of how lesions 
expand during angioplasty, we used quantitative angio- 
graphic techniques to measure the degree of expansion 
of angioplasty balloons across lesions at incremental pres- 
sures and compared these with the diameter of the lesion 
before and after angioplasty. These measurements provide a
means to quantify the relative “distensibility” of a coronary 
lesion and the extent of elastic recoil immediately after 
angioplasty. 
Study patients. Twenty-nine l sions in 27 patients were 
prospectively analyzed. Patients were chosen for sturdy if
they had discrete stenoses that were <lOO% occluded. 
Lesions were studied if the adjacent coronary artery (con- 
sidered the normal segment) visually approximated 3 mm in 
diameter. Patients were excluded if they had prior angio- 
plasty of the segment being studied. All patients gave 
informed consent for the procedure. The study protocol was 
approved by our institutional review committee. 
Clinicctl fncfors such as age. gender, premeditation, 
clinical syndrome at the time of angioplasty (for example, 
stable or unstable angina or recent myocardial infarction) 
and duration of chest pain syndrome were noted. Also, 
angiographic variables such as percent stenosis, length of the 
lesion, presence of calcium and lesion morphology were 
noted. Determination f coronary morphology was based on 
the angiographic classification f Ambrose t al. (6). 
Procedure. The dngioplasty procedure was standardized 
for all patients undergoing study. A digital coronary arterio- 
gram immediately before dilation was obtained with a Fisher 
digital angiographic unit coupled to a Philips Cardiodiagnost 
X-ray system. For each patient, aprojection that minimized 
vessel overlap and foreshortening was chosen. This projec- 
tion was used for all subsequent images. !Jltralow profile 
balloon catheters (diameter 3 mm, Advanced Cardiovascular 
Systems) were used for all patients (Fig. I) These balloons 
were used because they were found to inflate to a constant 
pressure within several seconds in vitro. The balloon size 
visually approximated the size of the adjacent normal coro- 
nary segment. Balloon catheters were prepared with use of a 
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balloon. 
stenosis before a 
of the adjacent arterial segment assu 
tometry. For this measureme 
diameters were calculated from the v~deodens~tometrically 
determined percent area ste A~~endix~. For each 
digital image of the balloon uring angioplasty, the 
diameter of the balloon over the normal arterial segment and 
the minimal diameter of the balloon over the lesion (poi 
maximal balloon indentations were also calculated. Fort 
measurements, the videodensitometric percent area stenosis 
and measurement of the inflated balloon at the normal 
segment were used, again assuming a circular cross section 
normal segment (see Appendix). 
tion. From the diameter measure- 
re and after balloon dilation and the 
iameter measurements of the balloon ifferent inflation 
ressures during the angioplasty pro re, a pressure- 
diameter curve was produced for each lesion undergoing 
tasty (Fig. 2). This curve re ects the pressure- 
diameter relation of each lesion within an arterial segment 
during angioplasty. 
Characteristics reluted to lesion dilation and recoil cau 
“T 
04 4 
pre 2 3 4 6 p0st 
INFLATION PRESSURE (ATM) 
2. ~~~ssu~e~d~a~e relation for all 29 coronary lesions as 
red by v~de~de~si~ 
before angioplasw. 
etry. post = after a~~i~~~as~y: pre = 
elasticity or recoil factor (E) 
the balloon at 6 atm to the d 
alloon diameter at 6 at 
E= 
Coronary diameter after angioplasty’ 
pg ~~t~acQro~ary ~itrog~yceri 
followed by a repeat injection was used to verify that 
~ostangio~lasty changes were not due to vasospasm. 
$t~t~~t~cs. All continuous variables are expressed as 
. Student’s t test was used to co 
means. A p value 4.05 was 
constdered sig~i~ca~t. ta are plotted as mean values for 
each group, with error bars signifying 2 standard error of the 
estimate. Regression equations were determined by the least 
squares method. 
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Table 1. Clinical Characteristics of 27 Patients Table 3. Angioplasty-Related Factors 
Mean age 2 SD (yr) 
Gender (M/F) 
Unstable angina 
Recent myocardial infarction 
Stable angina 
Premeditation 
Nitrates 
Calcium channel blockers 
Aspirin 
Heparin 
58 ? 6 
2116 
13 
II 
3 
21 
18 
8 
Percent stenosis post-PTCA (diameter) 
Minimal diameter post-PTCA (mm) 
Dissection post-PTCA 
Success rate (RI 
Required higher pressures (>6 atm) 
Required larger balloons 
Elastic recoil 
*Mean value 2 SD. PTCA = percutaneous transluminal coronary angio- 
plasly. 
F = female; M = male. 
was performed in two patients (four lesions). The result in all 
lesions was considered successful (~50% residual diameter 
stenosis) inthis group of patients. There were four lesions 
that angiographically showed a dissection line after angio- 
plasty and one of these lesions appeared tobe a more severe 
dissection, with dye staining and decreased distal flow that 
responded toadditional dilation. Fifteen lesions underwent 
additional dilation at higher inflation pressure and IO of these 
required alarger balloon. 
Lesion diameters and pressure-diameter curves (Fig. 2, 
Table 4). Analysis of Figure 2 shows that most of the 
improvement i  luminal size occurred at low inflation pres- 
sure (2 atm) for this group of lesions. In addition, after 
maximal balloon inflation at 6 atm. there was some recoil of 
vessel diameter immediately after angioplasty. 
Distensibility measurements (Fig. 3, Table 4). Because 
most of the change in luminal diameter occurred at low 
pressure, only distensibility at 2 atm was analyzed (Table 4). 
In Figure 3, the mean diameter values for pressure-diameter 
curves are plotted according to lesion morphology, presence 
or absence ofan intimal crack or dissection after angioplasty 
and necessity ofadditional inflations. Coronary lesions hav- 
ing an eccentric irregular morphology (type II eccentric 
lesion, n = II) showed more dilation at low pressures than 
did noneccentric irregular lesions (n = 18) (Fig. 3A). The 
values of distensibility (II) for the eccentric rregular (type I1 
eccentric) and noneccentric irregular (non-type II eccentric 
lesions) were 0.49 + 0. I7 and 0.33 5 0.14, respectively (p < 
Table 2. Angiographic Characteristics of 27 Patients 
Percent stenosis (diameter) 
Minimal diameter stenosis (mm) 
Diameter of normal segment (mm) 
Calcified 
Length (mm) 
Morphology 
Eccentric (lype I eccentric) 
Eccentric irregular (type II eccentric) 
Concentric 
*Mean value + SD. 
78.3 ? 9.6’ 
0.66 + 0.31* 
2.6 + 0.5* 
I 
5.6 2 2.6* 
8 
I1 
IO 
26.5 + l6.9* 
4 
IO0 
I.5 
IO 
1.35 -c 0.33* 
0.02). This measurement shows that nearly 50% of the 
dilation of type II eccentric plaque occurs at low pressure (2 
atm), whereas only 33% of the maximal distension of non- 
type II eccentric plaque occurs at this low inflation pressure. 
However, the postangioplasty diameters were not signifi- 
Table 4. Diameters of Balloons During Angiopiasty in 27 Patients 
(29 stenoses) 
Diameter (mm) 
Pt. Age (yr)l 
Pressure (atm) 
No. Gender El Pre 2 3 4 6 Post D E 
I 68/F 
I 68/F 
2 46/M 
3 51/M 
4 58/M 
5 49/M 
6 61/M 
7 46/F 
S 61/M 
9 64/M 
IO 63/M 
II 56/M 
I2 42/M 
I3 581M 
14 431M 
I5 70/M 
I6 40/M 
I7 76/M 
I8 64/M 
I8 64/M 
I9 55/F 
20 71/F 
21 55/M 
22 51/M 
23 49lF 
24 54/M 
25 68/F 
26 67/M 
27 77/M 
t 0.01 1.08 1.85 - 2.63 2.30 0.41 I.14 
- 0.59 I.13 I.12 1.63 2.10 1.79 0.26 1.17 
- 0.78 1.29 2.02 1.92 2.54 1.67 0.20 1.52 
+ 1.34 - - 2.45 2.64 1.62 - 1.63 
+ 0.84 2.34 2.40 2.58 2.8: 1.48 0.54 1.89 
- 0.51 I.14 1.40 I.16 I.55 1.67 0.41 0.93 
t 0.37 2.60 2.50 2.48 2.77 1.60 0.81 1.73 
- 0.99 - 2.20 2.32 2.48 1.80 - I .38 
- 0.67 I.85 2.19 2.60 2.45 2.50 0.48 0.98 
t 0.55 I.85 1.96 2.06 2.24 2.31 0.58 0.97 
t 0.83 1.47 2.22 2.37 2.59 2.01 0.25 1.29 
- 0.46 1.84 2.10 2.54 2.67 1.73 0.52 1.54 
- 1.08 1.53 2.19 2.08 - 1.87 - - 
- 0.93 I.14 1.34 1.84 2.13 2.02 0.10 1.05 
- 0.01 I.11 1.27 2.08 2.30 1.28 0.48 1.80 
+ 0.59 I.64 2.04 2.27 2.09 2.02 0.50 1.04 
- 0.61 1.40 2.03 2.30 2.66 2.41 0.30 I.10 
- 0.27 1.43 1.77 2.16 2.52 2.46 0.46 1.02 
+ 0.27 1.88 3.00 2.58 2.52 2.19 0.64 I.15 
- 0.60 0.75 I.28 1.50 2.36 I.41 0.06 1.67 
- 0.79 1.57 1.54 2.43 2.45 I.91 0.32 1.28 
+ 0.76 1.60 1.49 2.31 3.01 1.97 0.28 1.53 
- 0.57 2.06 2.58 2.57 2.90 2.20 0.51 1.32 
- 0.43 1.05 1.41 1.54 2.39 I.19 0.26 2.01 
f 0.34 1.26 I.51 1.76 2.36 2.88 0.39 0.82 
- 1.38 2.20 2.11 2.17 2.27 1.92 0.36 I.18 
+ 0.34 1.82 1.87 2.91 2.93 I.58 0.51 1.85 
- 0.92 2.19 3.10 3.25 3.04 2.22 0.42 1.37 
- 0.68 I.51 1.77 2.89 2.85 2.16 0.29 1.32 
D = distensibility factor (using balloon diameters at 2 atm); E = elasticity 
factor; El = presence or absence of type II eccentric lesion (eccentric 
irregular): F = female: M = male; Post = after angioplasty: Pre = before 
angioplasty. 
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~~~~~~ 3. Pressure-diameter relation for lesions with type II eccen- 
tric (II = II) and non-type II eccentric (n = 18) lesions (A), lesions 
with (n = 4) and without (n = 25) dissection ( 1 and lesions requiring 
(n = 15) and not requiring (n = 14) further dilation (CL Abbrevia- 
tions as in Figure 2. 
cantly different for the two groups. Lesions showing an 
intimal crack or dissection on angiography after angioplasty 
(n = 4) showed no differences in patterns of dilation in 
comparison with lesions without an intimal crack (Fig. X3). 
Patients requiring further dilation also showed no ditFerences 
). The elasticity factor (E) of the 
s not related to lesion morphol- 
ogy, size of the ~orrna~ adjacent arterial segment, percent 
diameter stenosis or minimal diameter of the stenosis. Pre- 
medication with nitrates, calcium channel blocking agents. 
aspirin or heparin was not correlated with elasticity mea- 
n 
2.5 
T 
z 2.0 -- 
0 
$ l.S-- 
Q 
= 
l.O-- 
y=l.O7x -1.42 
r=.Hl 
p(O.003 
I 
3.0 3.5 
BALLOON DIAME’I’CFI AT SIX ATM (MM) 
tion on elasticity measurements. 
with eccentric irregular morphol- 
ogy (type 11 eccentric) (n = I 9) (see text for definitions). 
lasticity was also unaffected by ~~tracoro~ary 
Elasticity was directly related 
ameter over the lesion at 6 
bailoon was more fully expa 
there was greater elastic reco 
less expansion at 6 atm was seen in lesions with less recol 
after angioplasty (Fig. 4A). For type 11 eccenttic lesions, the 
relation shows a better correlation (r = 0.80) (that is, the 
he diameter of inflation, the greater the elasticity) 
muscle cells, calcium deposits and thrombotic material. 
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Patients dying after angioplasty may represent a group with 
plaque that undergoes a more dramatic mechanism of dila- 
tion, perhaps involving extensive dissection and plaque 
fissuring that is likely to be associated with acute reclosure 
and myocardial infarction leading to death, and therefore 
may not reflect he usual mechanism of plaque dilation. 
Cadaveric human hearts used to study mechanisms of plaque 
dilation do not represent the actual physiologic state and 
therefore may not accurately r flect processes that occur in 
vivo during angioplasty. 
The results presented in this study represent preliminary 
data on a new technique for studying the way in which 
plaque dilates. Only one other invivo approach tostudying 
the mechanism of plaque dilation has been described (8). 
This approach involves measuring the pressure-volume re- 
lation of the dilation catheter while it is positioned across the 
coronary stenosis. These investigators (8) describe three 
patterns of plaque dilation by examining the pressure- 
volume curves created while the balloon catheter was being 
inflated. The first pattern was stretching of the plaque, in 
much the same way that Silastic tubing stretches. After 
dilation, these plaques would recoil and required several 
inflations to achieve adequate dilation. The second pattern 
showed small incremental “jumps” in the pressure-volume 
curve, in much the same way that Styrofoam would be 
expected todilate if the stenosis was made of this substance. 
This was believed to reflect progressive compaction of the 
lesion. The third pattern was sudden yielding of the balloon 
at a given inflation pressure. This form of plaque dilation was 
compared to the yielding of uncooked macaroni. This pat- 
tern was found angiographically to be associated with dis- 
section of the artery at the site of the angioplasty. 
Measurement of the indentation of the inflated balloon 
during angioplusty provides another means to assess the 
mechanisms that may be occurring during coronary angio- 
plasty. The methods in this study used imaging equipment 
that was readily available in our cardiac atheterization 
laboratory. The study of Jain et al. (8) required special 
transducers and display devices. 
Coronary morphology. Our data show a difference inthe 
pressure-diameter relation based on differences in lesion 
morphology. Type II eccentric lesions tended to dilate more 
fully at low pressure than did non-type II eccentric lesions, 
This may be related to differences in plaque composition. An 
eccentric rregular plaque in patients with anunstable coro- 
nary syndrome is believed to represent a ruptured athero- 
sclerotic plaque with variable amounts of superimposed 
thrombodc material (8). Because ome of this thrombotic 
material may be somewhat fresh, it may undergo compaction 
and plaque dilation at low pressures. Most patients in this 
study had either unstable angina or recent myocardial in- 
farction. If we had studied alarger number of patients with 
more stable symptoms and perhaps with more fibrous or 
calcified plaque, we might have seen an even larger differ- 
ence in pressure-diameter curves 
lesion morphology. We found no 
diameter curves in patients with or 
angioplasty. This may have been 
patients with dissection. Also, only one of four patients 
considered to have a dissection had a flow-compromising 
dissection. The others had ngiographically visible 
line or “crack.” Therefore ss iameter curves 
may be too insensitive to a rent pattern in 
patients who develop a “limited” dissection after angio- 
plasty. 
Elasticity. We found a direct relation between the diam- 
eter of balloon dilation at 6 atm and the amount of elastic 
recoil after angioplasty. One might have anticipated a more 
complete dilation after angioplasty if the balloon was more 
completely inflated at 6 atm, yet the opposite occurred. 
Lesions with more complete balloon dilation at 6 atm exhib- 
ited greater recoil after angioplasty, suggesting that an arc of 
normal wall was stretched by the balloon and recoile 
removal of the balloon. This relation was unrelated to the 
size of the normal arterial segment. The high degree of 
correlation between extent of inflati elastic recoil for 
type Ii eccentric lesions (r = 0.80) s the hypothesis 
that some ofthe dilation of a coronary lesion can be related 
to stretching ofthe normal wall. It has been shown (9) that 
coronary stenoses frequently have an arc of somewhat 
normal wall. Figure 4 shows that those balloons not fully 
dilated at 6 atm were associated with the least elastic recoil. 
This implied that higher p essures may have been required to 
dilate these l sions further. We were unable to determine 
this from our data, however, because the decision to use 
higher pressures or a larger balloon was based on the 
postangioplasty enosis, not the amount of elastic recoil. 
Although there may be other factors that influence the 
relative distensibility and elasticity of coronary lesions un- 
dergoing angioplasty, we were only able to demonstrate a 
relation with lesion morphology and extent of balloon infla- 
tion at 6 atm. Preangioplasty medication as well as clinical 
and other angiographic variables did not predict he degree 
of distensibility or elasticity. 
Limitations. The method of measurement of he inflated 
balloon catheter was somewhat imprecise. There are also 
other sources of error that may make measurements of the 
indentation f the angioplasty balloon apoor reflection f the 
actual lesion diameter. Balloon catheters have a tendency to 
trap small air bubbles, which may have influenced the 
measured dimensions. The balloons themselves have a cen- 
tral umen that is not filled with contrast medium, but with a 
guide wire. Thus, the balloon has a doughnut-shaped cross 
section, not a circular cross ection, and the videodensity of 
the guide wire may not have appropriately compensated for
this. Many of the stenoses measured <I mm in diameter 
before balloon inflation. The uninflated balloons used in this 
study were approximately I mm in diameter. Therefore, 
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To calculate the minimal diamrtcrs of!he coronary stenosis and 
the balloon across the lesion. the lbllowing procedure was em- 
ployed: 
I. Percent aren sternosis MWS dermti~ted from the videodensito- 
lnetric measurements of the stenosis and t 
arterial segment with appropriate background correction 6’). For 
diameter of the balloon across the lesion, the videodensity of the 
balloon at the stenosis and normal adjacent segment was used. 
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